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Costs of reproduction in common eiders
(Somateria mollissima): an assessment of
relationships between reproductive eþ ort and
future survival and reproduction based on
observational and experimental studies
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abstract The two traditional approaches to the study of costs of reproduction, correla-

tional and experimental, have been used in parallel in a breeding colony of common

eiders (Somateria mollissima) and were compared in this paper. The analysis of the

observational data was based on a two-strata capture- recapture model, the strata being

de® ned on the basis of the clutch size laid by individual females in a given year. The best

model according to AICC indicated substantial variation in survival, recapture and

transition rates, but overall a pattern emerged: females laying large clutches have a

somewhat higher survival and much higher capture rate than females laying small clutches,

and transition from large to small clutch size occurs much more frequently than the reverse

transition. The analysis of the experimental data (adding /removing one egg) showed that

no clear eþ ect was found on either survival or transition rates. We conclude by suggesting

(1) that condition should be included in multi-strata models in addition to reproductive

eþ ort; (2) that a speci® c study design for estimating the proportion of non-breeding females

should be implemented, and (3) that non-breeding (a non-obser vable state in this study)

may be in¯ uenced by previous reproduction events.

1 Introduction

Observational ® eld studies on costs of reproduction often correlate reproductive

success in one year to the reproduction and survival in subsequent years. The
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negative correlation expected under the hypothesis that increased reproductive

eþ ort leads to a lower future reproductive success is often confounded by individual

variation in, for example, quality (`good’ birds reproduce and survive well; e.g.

Reznick, 1985; Roþ , 1992). Experimental studies, by manipulating reproductive

eþ ort and randomizing the assignment of treatment in order to remove bias (e.g.

Cox, 1958), are therefore not confounded by the e þ ects of covariates such as

individual quality, but because they involve manipulation of individual birds, may

introduce artefacts due to the complex behaviour of individual birds (for example

changes in dispersal rates; see Doligez et al., this issue).

Common eiders are large sea ducks with precocial young, and with an extreme

incubation strategy, as they do not feed during the entire incubation period (Parker

& Holm, 1990; Erikstad & Tveraa, 1995). The body mass of females increases

prior to egg laying, and then decreases by up to 50% during incubation through

the loss of stored lipid and protein (Parker & Holm, 1990; Erikstad & Tveraa,

1995). This strategy is likely to have evolved as an anti-predator strategy (predation

occurring mostly when females leave the nest; Erikstad & Tveraa, 1995). Further-

more, females incubating large clutches lose more weight than females incubating

small clutches (Erikstad & Tveraa, 1995), and therefore may pay a cost in terms

of future reproduction and survival (Erikstad et al., 1993). We analyse in this paper

(1) observational data obtained though a long-term (1986 to present) capture-

mark- recapture study, and (2) experimental data resulting from the manipulation

of clutch size (Hanssen et al., forthcoming). We speci® cally ask if survival and

reproduction the following year vary as a function of reproductive eþ ort in the

current year. Using clutch size as a measure of reproductive e þ ort allows us to use

multi-strata models (Nichols et al., 1992; Brownie et al., 1993; Nichols et al., 1994)

to explore these relationships between reproduction and survival, diþ erences in

capture rates being taken into account.

2 Material and methods

2.1 The study site and design

The observational and experimental studies were conducted during the period

1985 to the present in a common eider colony on Grindù ya near Tromsù , in north

Norway (69ë 49 ¢ N, 18ë 15 ¢ E). Grindù ya is a small island (0.65 km 2 ) where c. 400

to 500 pairs of eider breed.

Eider start laying eggs around mid-May, and the colony was visited daily to

determine start of incubation and clutch size (a clutch size being complete when

no egg is laid in a 2-day period; rate of nest parasitism was very low in this colony,

less than 1%; Erikstad et al., unpublished data). Females were caught on their nest

during the incubation period and individually marked with metal rings if they had

not been marked before. The age of the individual females was not known.

The experimental manipulation of clutch size (Hanssen et al., forthcoming) was

done by adding /removing one egg for original clutches of 4 /5 eggs, creating

therefore clutch size of 3 to 6 eggs, which is the normal range of clutch size in

eider (Erikstad et al., 1993). The control group was made of birds with unmanipu-

lated clutches as well as nests where an egg was swapped between clutches of equal

clutch size and date of laying. The manipulation was done in 1995 and 1996.
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2.2 Statistical analyses

Clutch size in common eiders vary mostly from 3 to 6, 4 and 5 eggs being the

most commonly observed clutch size (Erikstad et al., 1993). In order to obtain

adequate sample sizes for analysis, we split the distribution of clutch sizes in two

classes: small clutch size (S; < 4 eggs) and large clutch size (L; > 5 eggs). We then

considered multi-strata models (e.g. Nichols et al., 1992) as implemented in MARK

(White & Burnham, 1999) to analyse the survival rates of individual females laying

small and large clutches respectively, as well as the transition rates (expressed

conditional on survival in the MARK parameterization) from small to large clutch

and large to small clutch strata. Only data for the period 1986 - 99 were used, as

clutch sizes were not recorded in 1985.

The analysis of observational data (862 females) was done by investigating all

models generated under the assumption of either temporal variation or constancy

for each of the six sets of parameters (survival and capture rates for S and L strata,

and the two transition rates S to L and L to S). The model selection was based on

the AICC (Burnham & Anderson, 1998). Individual birds that were manipulated

during the study period (in addition to the manipulation of clutch size, incubation

period was experimentally manipulated in 1993 and 1994; Erikstad et al., forthcom-

ing; eighty-one birds were used in both experiments (1993- 94 and 1995 - 96)) were

censored, i.e. assumed not to be released when manipulated. Goodness-of-Fit

(GOF) is a complex issue for multi-strata capture- recapture models. Here, we

considered ® rst the GOF tests provided by RELEASE (Burnham et al., 1987),

that is, ignoring the two strata de® ned by clutch size. Both tests 2 and 3 indicated

a lack of ® t (test 3.SR: v
2

5 27.46 on 12 d.f., test 3.Sm: v
2

5 7.22 on 11 d.f ., test

2: v
2

5 70.04 on 40 d.f .; overall test: 104.72 on 63 d.f .). However, this lack of ® t

was not very pronounced (i.e. overdispersion factor less than 2; see Lindsey, 1999,

for a discussion), and was at least partly due to the large heterogeneity in capture

rates found among females (see below). The lack of ® t of the two-strata model, if

any, should therefore be relatively minor.

The analysis of the experimental data involved the building of a design matrix

describing the assignment of individual birds to the diþ erent treatments (M 5 minus

one egg; C 5 control; P 5 plus one egg; the C group was not split to reduce the

number of model parameters and because previous analyses have indicated egg

swapping had a negligible eþ ect, Erikstad et al., unpublished). Because assignment

of treatment was randomized each year within the whole colony, individual birds

could belong to diþ erent experimental groups in 1995 and 1996 (see Table 1 for

sample sizes in the diþ erent groups). We therefore considered design matrices

incorporating short-term (one year) eþ ects on survival, recapture and transition

rates. Such a design matrix, together with the de® nition of parameters and possible

constraints on these parameters, are given in Table 2 for survival rates (similar

constraints were used for recapture and transition rates).

Table 1. Sample sizes for the diþ erent combinations of experimental treatments used in 1995 and

1996. M 5 minus one egg, C 5 control (unmanipulated and swapped), P 5 plus one egg. 1 5 1995,

2 5 1996

M1M2 M1C2 M1P2 C1M2 C1C2 C1P2 P1M2 P1C2 P1P2

5 35 6 30 155 34 3 34 2
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Table 2. De® nitions of survival parameters, and of some

of the constraints applicable to this set of parameters. No

temporal variation in eþ ects: b 1 5 b 2 , b 3 5 b 4 , symmetry of

adding versus removing eggs: b 1 5 b 3 , b 2 5 b 4 .

Experimental

groups u 95- 96 u 96-97

M1M2 a u 95 + b 1 u 96 + b 2

M1C2 u 95 + b 1 u 96

M1P2 u 95 + b 1 u 96 2 b 4

C1M2 u 95 u 96 + b 2

C1C2 u 95 u 96

C1P2 u 95 u 96 2 b 4

P1M2 u 95 2 b 3 u 96 + b 2

P1C2 u 95 2 b 3 u 96

P1P2 u 95 2 b 3 u 96 2 b 4

aExperimental groups are de® ned in Table 1.

3 Results

3.1 Analysis of observational data

The best models in terms of AICC are given in Table 3. They indicate a substantial

temporal variation in most parameters and, in particular, in the recapture rates for

both small clutch (S) and large clutch (L) groups. In order to understand the main

patterns in this data set, we decided to base our interpretation on the model

u S u L pS, t pL, t cS ® L cL ® S (see Table 3). This model has fewer parameters (and would

likely be selected if we allowed for some lack of ® t), and is therefore a better

summary than the more complex models. The parameter estimates for this model

are given in Fig. 1.

The parameter estimates clearly indicated (1) an overall high survival for both S

and L, with a somewhat higher survival for the L class; (2) much lower capture

rates for females with small clutch size; and (3) a high transition rate from L to S,

but a low transition rate from S to L.

Table 3. Model selection for the analysis of the observational data. The

D AICC values for the best ® ve models are given (by de® nition it is 0 for the

best model), as well as for the simplest (all parameters constant) and the

most complex model (all parameters varying in time). u indicates survival

rates, p recapture rates and c transition rates

Number of (estimable)

Model D AICC parameters

u S, t u L pS, t pL, t c S ® L, t c L ® S, t 0 53

u S u L pS, t pL, t c S ® L, t c L ® S, t 0.04 45

u S, t u L pS, t pL, t c S ® L c L ® S 1.38 36

u S, t u L pS, t pL c S ® L, t c L ® S, t 4.06 38

u S u L pS, t pL, t c S ® L c L ® S 5.72 28

u S u L pS pL c S ® L c L ® S 47.23 5

u S, t u L , t pS, t pL, t c S ® L, t c L ® S, t 21.96 65
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Fig. 1. Estimated survival ( u ), recapture ( p) and transition rates (c) for the observational data (A-top)

and the experimental data (B-bottom). 95% con® dence intervals are given for parameters assumed to

be constant in time (survival and transition rates), whereas range of variation is given for the temporally

varying recapture rates. S 5 small clutch size, L 5 large clutch size. Note that the data sets are

complementary, as birds manipulated are censored in the observational study data set.

3.2 Analysis of clutch size manipulation experimental data

We ® rst ® tted models with temporal variation in survival, recapture and transition

rates, as well as various combinations of the experimental treatment eþ ects. These

models gave systematically a better ® t than the models assuming constant rates,

but they also exhibited problems of parameter identi® ability. Such models were

therefore diý cult to interpret biologically as some parameter combinations were

not estimable. We give below the results for models assuming constant parameter

values (which are similar to an estimate of an average e þ ect) and incorporating

various combinations of eþ ects of the experimental treatments, ranked according

to AIC C (Table 4). There was some diþ erence in the ranking of the models

(depending on the inclusion or not of temporal variation), but the two best models

were the models assuming no eþ ect of the experimental treatment (see Fig. 1(b)

for parameter estimates), and the model with a diþ erence in transition rates

according to treatment levels (see Table 4). The estimates obtained from the latter

model were not consistent with the cost of reproduction hypothesis: the transition

Table 4. Two-strata capture- recapture models ® tted to the experimental data

(only the ® ve best models are shown). Models including experimental group eþ ects

are parameterized as described in Table 2. All models assumed constant survival,

recapture and transition rates. The AICC for the most complex model with group

and time-speci® c parameters is given

Model AICC D AICC n par

u p c 1704.29 0.00 6

u p c (exp groups) 1704.82 0.53 9

u p (exp groups) c 1707.16 2.87 9

u p (exp groups) c (exp groups) 1708.84 4.55 11

u (exp groups) p c 1709.61 5.32 9

u (exp groups) p c (exp groups) 1712.13 7.84 13

¼
u (t) p(t) c (t) by exp groups 1903.22 198.9 169
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rate from L to S was higher for both the P group ( + 1 egg; c L ® S 5 0.82) and the

M group ( 2 1 egg; c L ® S 5 0.81) compared with the control group (c L ® S 5 0.68;

we would expect a higher transition for P and a lower one for M). The transition

rate from S to L was, however, lower for the P group (c S ® L 5 0.10), and higher for

the M group (c S ® L 5 0.21), the control group being intermediate (c S ® L 5 0.19),

as expected. E þ ects estimated under the model incorporating temporal variation

were very close to those estimated under the constant model: for the transition

L ® S, the estimates of the e þ ect size on the logit scale (the b s of Table 2, i.e. the

diþ erence with the control group) were for the - 1 egg group 0.71 (s.e. 5 0.50) for

the constant model, 1.03 (s.e. 5 0.56) for the temporal variability model, and 0.76

(s.e. 5 0.50), respectively 1.04 (s.e. 5 0.57) for the + 1 egg group.

4 Discussion

Common eiders are long-lived species (estimated yearly survival close to 85%),

and are therefore expected to exhibit reproductive costs in terms of future reproduc-

tion, rather than survival (see, for example, Stearns & Kawecki 1994). The

observational and the experimental data showed indeed that females with higher

reproductive eþ ort had a higher or similar survival, a result consistent with the

hypothesis that females laying large clutches were in a better condition and therefore

survived as well as females laying small clutches. As females were measured and

weighed at day 5 of the incubation period, body condition (obtained, for example,

by regressing body mass on wing length) could have been used as an individual

covariate, e.g. by considering two classes of body condition crossed with the classes

de® ned by clutch size (see Nichols et al., 1994).

The observational data showed clearly that females laying large clutches in a

given year laid small clutches the year after, very few females doing the reverse

transition. As close to half (41%; see Erikstad et al., 1993) of the females laid

clutches with ® ve or more eggs, it is obvious that there is a missing transition from

small to large clutch size. We can hypothesize that females have a tendency to show

a sequence of reproductive events such as `L ® S ® No breeding ® L . . .’ (see Cam

et al., 1998 for a general discussion of the importance of intermittent breeding,

and Coulson, 1984, for a discussion of non-breeding in common eiders). As non-

breeding females are not captured or resighted in this study, we cannot - without

making very restrictive assumptions - estimate transition rates to and from a non-

breeding stratum. We cannot therefore assess the full range of potential costs of

reproduction, as the transition to non-breeding (the most costly transition in terms

of reproductive success) cannot be properly estimated. Transition to a non-breeding

state will be analogous to temporary emigration from the study area (see Kendall

et al., 1997 for a discussion), and will translate in lower recapture rates for the

stratum with the highest transition rate to the non-breeding state (assuming random

temporary emigration). Capture rates were indeed much lower for the small clutch

size stratum, but this result may be partly confounded by the fact that females

laying small clutch size have a higher tendency to abandon the nest (see Erikstad

& Tveraa, 1995), and therefore may be less likely to be caught while incubating.

We believe that the study design should be modi® ed following two lines: using the

robust design (Pollock, 1982; Kendall et al., 1997), and capturing non-breeding

females through the use of marks lasting for longer than one year and that could

be resighted without physically capturing the individual. Further work should focus
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on the number of non-breeding females that need to be caught in order to estimate,

with some reasonable precision, the transition rates between the diþ erent strata.

There was no clear evidence that the experimental manipulation of clutch size

resulted in changes in survival, recapture or transition rates. The treatments used

in this study were of a small magnitude ( 6 1 egg), in order to keep the clutch size

within the natural range of variation. The absence of changes in survival rates was

expected, but we could have expected a change in reproductive rates the year after.

However, as we could not estimate properly the transition to the non-breeding

state, we cannot in fact assess for example if females in poor condition (i.e. those

laying small clutches) did not breed with a higher rate after having their reproductive

eþ ort experimentally manipulated. Clearly, the temporal variability of capture

rates, together with the diþ erences in capture rates between strata de® ned on the

basis of clutch size, do not lead to reliable estimates of such transitions, and new

study designs are therefore needed in the future.

Acknowledgements

The study on the common eider was ® nanced though grants from the Norwegian

Research Council and the Directorate of Nature Management. The participation

of NGY to EURING 2000 was ® nanced by the Norwegian Research Council.

REFERENCES

Brownie, C., H ines, J. E., Nichols, J. D., Pollock, K. H. & Hestbeck, J. B. (1993 ) Capture- recapture

studies for multiple strata including non-Markovian transitions, B iometrics, 49, pp. 1173 - 1187.

Burnham, K. P. & Anderson, D. R. (1998) Model Selection and Inference. A Practica l Information

Theoretic Approach (New York, Springer-Verlag).

Burnham, K. P., Anderson, D. R., White, G. C., Brownie, C. & Pollock, K. H. (1987 ) Design and

Analysis Methods for Fish Survival Experiments Based on Release- Recaptur e (American Fisheries Society

Monograph 5).

Cam, E., H ines, J. E., Monnat, J. Y., Nichols, J. D. & Danchin, E. (1998 ) Are adult nonbreeders

prudent parents? The Kittiwake model, Ecology, 79, pp. 2917 - 2930.

Cox, D. R. (1958) Planning of Experiments (New York, Wiley).

Coulson, J. C. (1984) The population dynamics of the Eider Duck Somateria mollissima and evidence

of extensive non-breeding by adult ducks, Ibis, 126, pp. 525 - 543.

Doligez, B., Clobert, J., Pettifor, R. A., Rowcliffe, M., Gustafsson, L., Perrins, C. M. &

McCleery, R. H. (2000) Costs of reproduction: assessing responses to clutch /brood size manipulation

on life-history and behavioural traits using multi-state capture- recapture models. In: B. J. T. Morgan

& D. L. Thomson (Eds) Statistical Analysis of Data From Marked B ird Populations. Journal of Applied

Statistics, this issue.

Erikstad, K. E. & Tveraa, T. (1995 ) Does the cost of incubation set limits to clutch size in common

eiders Somateria mollissima?, Oecologia, 103, pp. 270- 274.

Erikstad, K. E., Bustnes, J. O. & Moum, T. (1993) Clutch-size determination in precocial birds: a

study of the common eider, The Auk, 110, pp. 623 - 628.

Erikstad, K. E., Tveraa, T. & Bustnes, J. O. (forthcoming) Reproductive decisions and the cost of

reproduction in common eiders: a manipulation of parental e þ ort.

Hanssen, S. A., Erikstad, K. E., Johnsen, V. & Bustnes, J. O. (forthcoming) Reproductive decisions

in common eiders: a manipulation of clutch size.

Kendall, W. L., Nichols, J. D. & H ines, J. E. (1997) Estimating temporary emigration using capture-

recapture data with Pollock’ s robust design, Ecology, 78, pp. 563 - 578.

Lindsey, J. K. (1999) On the use of corrections for overdispersion, Applied Statistics, 48, pp. 553- 561.

Nichols, J. D., Sauer, J. R., Pollock, K. H. & Hestbeck, J. B. (1992) Estimating transition

probabilities for stage-based population projection matrices using capture- recapture data, Ecology,

73, pp. 306- 312.

Nichols, J. D., Hines, J. E., Pollock, K. H., H inz, R. L. & Link, W. A. (1994) A methodological



64 N. G. Yoccoz et al.

framework for estimating breeding proportions and testing hypotheses about costs of reproduction

with capture- recapture data, Ecology, 75, pp. 2052- 2067 .

Parker, H. & Holm, H. (1990) Patterns of nutrient and energy expenditure in female common eiders

nesting in the high arctic, The Auk, 107, pp. 660- 668.

Pollock, K. H. (1982) A capture- recapture design robust to unequal probability of capture, Journal

of Wildlife Management, 46, pp. 752 - 757.

Reznick, D. (1985) Costs of reproduction: an evaluation of the empirical evidence, Oikos, 44,

pp. 257 - 267.

Roff, D. A. (1992) The Evolution of Life Histories: Data and Analysis (London, Chapman and Hall).

Stearns, S. C. & Kawecki, T. J. (1994 ) Fitness sensitivity and the canalization of life-history traits,

Evolution, 48, pp. 1438 - 1450.

White, G. C. & Burnham, K. P. (1999) Program MARK: survival estimation from populations of

marked animals, B ird Study, 46, pp. 120- 139.


